Abstract. A four-dimensional magnetic resonance imaging (4-D-MRI) technique with Sagittal-CoronalDiaphragm Point-of-Intersection (SCD-PoI) as a respiratory surrogate is proposed. To develop an image-based respiratory surrogate, the SCD-PoI motion tracking method is used for retrospective 4-D-MRI reconstruction. Single-slice sagittal MR cine was acquired at a location near the center of the diaphragmatic dome. Multipleslice coronal MR cines were acquired for 4-D-MRI reconstruction. As a motion surrogate, the diaphragm motion was measured from the PoI among the sagittal MRI cine plane, coronal MRI cine planes, and the diaphragm surface. These points were defined as the SCD-PoI. This point is used as a one-dimensional diaphragmatic navigator in our study. The 4-D-MRI technique was evaluated on a 4-D digital extended cardiac-torso (XCAT) human phantom, a motion phantom, and seven human subjects (five healthy volunteers and two cancer patients). 
Introduction
Four-dimensional magnetic resonance imaging (4-D-MRI) is a promising technology for motion management in radiation therapy (RT), especially for abdominal applications. Ideally, 4-D-MRI should be achieved using ultrafast three-dimensional (3-D)-MRI sequences for real-time volumetric imaging. However, due to current technical limitations, a significant compromise on image quality has to be made to achieve the high speed of 3-D-MRI. 1, 2 Alternatively, 4-D-MRI can be achieved using 3-D-MRI sequences with retrospective k-space sorting. As 3-D-MRI requires a much larger shimming volume relative to two-dimensional (2-D)-MRI, however, inadequate shimming quality is a contributing factor toward the degradation of 4-D-MR image quality. 3 Alternatively, 4-D-MRI can be achieved using fast 2-D-MRI with either prospective gating or retrospective sorting, both of which require a surrogate [4] [5] [6] to monitor respiratory motion during image acquisition.
The instability of internal surrogates and the inconvenience of external surrogates have been shown to adversely affect 4-D-MRI. [7] [8] [9] This consequently limits clinical implementation.
For example, surgically implanted internal biomarkers could migrate in a subject's body, decreasing the validity of the correlation between the surrogates with the motion of tumor. 7 External surrogates usually required a prescan setup, increasing the complexity of the MRI scan. Image-based surrogate techniques, such as the body area (BA) surrogate developed by Cai et al., 5 may be subject to error due to its weak signal from the respiratory motion in the anterior-posterior direction. To increase the signal of the surrogate, the use of the superiorinferior (SI) respiratory motion is preferred. The diaphragm has been shown to be a reasonable internal surrogate as it (1) captures motion in the SI direction, (2) demonstrates internal respiratory motion, and (3) can be readily extracted from 2-D-MRIs due to the well-defined edge between liver and lung tissue.
This study aims to investigate the feasibility of developing a retrospective 4-D-MRI technique with an image-based respiratory surrogate, using the sagittal-coronal-diaphragm point of intersection (SCD-PoI) diaphragm motion. Compared with other respiratory surrogates, this new surrogate has the potential to provide a more accurate and reliable breathing signal for 4-D-MRI applications. The proposed SCD-PoI method was evaluated and validated on a 4-D digital extended cardiac-torso (XCAT) human phantom, 10 a physical motion phantom, and human subjects. 11, 12 [FIESTA in gradient echo (GE) and TrueFISP in Siemens] was employed to acquire single-slice sagittal cine images near the center of the diaphragm for 1 to 2 min. This is performed to estimate the average breathing cycle of the subject. Second, the FIESTA/TrueFISP MR sequence was used to acquire cine images in the coronal plane at multiple-slice locations covering the entire volume of interest. The imaging time at each slice location was slightly longer than the breathing period. The multiple-slice coronal cine images were retrospectively sorted using the method described below to reconstruct the 4-D-MRI. The intersecting lines of the sagittal planes and the coronal planes were labeled sagittal-coronal intersecting lines (SCL) in this study. The PoI of each SCL with the diaphragm was tracked as a surrogate for respiratory motion as shown in Fig. 1 . The PoI of the diaphragm with each SCL is labeled SCD-PoI.
Each coronal slice location has an associated SCL on the sagittal cine. A motion trajectory of the SCD-PoI can be extracted from the sagittal cine as shown in Fig. 1 . Subsequently, the average breathing curve of the motion trajectory is determined; it is then divided into respiratory phases. The motion amplitude range on the average respiratory curve was determined as the reference of the motion amplitude range for each phase. Meanwhile, as the SCL can also be observed on the coronal cine at the corresponding slice location, the same SCD-PoI can also be tracked on the coronal cine, as shown with the black curve on the right side of Fig. 1 . Each dot on the curve represents one 2-D image from the coronal cine at one example slice location. With the diaphragm motion amplitude information determined for each 2-D image of the coronal cine, the amplitudes were compared with the reference of the motion amplitude range for each phase bin. Amplitude sorting was conducted for each of the 2-D coronal cine images to select images for each respiratory bin. As the amplitude reference range was determined based on respiratory phases from the average breathing curve, the sorting process was labeled phase sorting, and each respiratory bin was labeled a phase bin. In our study, the total number of phase bins was set to be 6. This process was repeated for each coronal cine slice location to generate the 4-D-MRI.
If there was more than one image to choose from for a particular phase, the most representative frame with minimum amplitude error as compared with the average breathing curve was used. The image nearest the adjacent bin at the same slice location was used in the event that any individual phase was missing image information. 
Digital Phantom Study
The proposed 4-D-MRI technique was first tested on the 4-D-XCAT digital human phantom, 10 and motion was controlled by a regular breathing cycle. XCAT images were generated with the following parameters: 256 × 100, voxel size: 2.5 × 3 mm, slice thickness: 5 mm, maximum diaphragm motion: 30 mm, maximum anterior body motion: 10 mm, breathing period: 5 s, and frames rate: 5 frames∕s. An artificial spherical tumor (diameter: 30 mm) was inserted into the liver of the phantom to move concurrently with the surrounding tissue.
Virtual experiments of the proposed 4-D-MRI technique were carried out on the 4-D-XCAT phantom as follows: (1) volumetric data sets of the phantom were generated at the same frame rate as the MR sequence (e.g., 5 frames∕s), (2) MR image acquisition was mimicked for the single-slice sagittal cine and multiple-slice coronal cine by extracting 2-D images from the volumetric XCAT volumes, (3) motion of the diaphragm at SCD-PoI on sagittal cines and coronal cines was tracked. To validate the SCD-PoI as a respiratory surrogate, the breathing signal determined based on SCD-Pol was compared with the input breathing signal, (4) average breathing pattern was estimated from the single-slice sagittal cine, and (5) breathing signals were determined based on SCD-PoI from multiple-slice coronal cine images. Finally, we sorted the coronal images by comparing the estimated motion amplitude range of each phase and the SCD-PoI motion amplitude of each coronal cine image to generate the 4-D-MRI.
To evaluate the simulated "4-D-MRI," tumor motion trajectory in the SI direction measured from the 4-D-MRI was compared with the average breathing curve of the input signal. Mean absolute amplitude difference (D) and cross-correlation coefficient (CC) between the two curves were measured.
Motion Phantom Study
The proposed 4-D-MRI technique was then tested on an inhouse constructed MRI-compatible motion phantom whose motion was controlled by a motor via a rigid tube. Figure 2 shows the structure of the phantom. Figure 3 shows an actual motion phantom and its setup in the MR scanner. The motion stage consists of a supporting platform (2-cm solid water slab) and a small gel (to simulate the motion of liver). The phantom gel that was placed on the motion stage in Fig. 3 is an irregular shape gel, simply to demonstrate that the motion stage can carry any shape of phantom gel. In the MR scan, in this study, we used a spherical phantom taped on the motion stage. A sinusoid curve with peak-to-peak amplitude of 15 mm and period of 4 s was used in this study. The superior half of the phantom edge perpendicular to the motion direction was used to mimic the motion of the diaphragm. MR images were acquired on a GE 1.5T system using the FIESTA sequence with head coil. Single-slice sagittal cine and multiple-slice coronal cine were acquired with the following parameters: repetition time/echo time: 3.227 ms∕1.0 ms, pixel size: 1.17 × 1.17 mm, field of view (FOV): 300 × 300 mm, flip angle: 50 deg, and matrix: 256 × 256. Slice thickness was 3 mm for the sagittal images and 5 mm for the coronal images. Frame rate was ∼3 frames∕s. The images were acquired with cine image acquisition mode, not in interleave image acquisition mode. Sagittal cine was acquired for 60 s, and each slice of coronal cine was imaged for 9 s. 6-bin 4-D-MRI images were reconstructed based on the method described earlier. Additional 3-D-volumetric MRI images were acquired using the FIESTA sequence for the water phantom when it was in a static state, which served as a reference for the phantom shape.
To evaluate 4-D-MRI, additional single-slice sagittal cine MR images were acquired at the center of the phantom, providing ground truth of phantom motion for comparison. Motion trajectories of the phantom were determined from 4-D-MRI and compared with those determined from the sagittal cine MR images. D and CC were calculated to quantitatively evaluate the 4-D-MRI image quality.
Human Subject Study
The proposed 4-D-MRI technique was tested on five healthy volunteers (three males and two females, mean age of 30 years) and two cancer patients (one male and one female, mean age of 65 years) in an institutional review board-approved study. MR images were acquired on either a Siemens 3T scanner or a GE 1.5T scanner using a TrueFISP/FIEST sequence with similar parameters as those in the phantom study. All subjects were positioned head-first-supine with arms down with no immobilization device. Single-slice sagittal cine MR using TrueFisp/FIESTA were acquired across the region of interest (ROI), which is the center of the tumor for patients and the center of a hepatic vessel for healthy subjects. To evaluate 4-D-MRI, motion trajectories of the ROIs in the SI direction were determined from 4-D-MRI and compared with those tracked on the single-slice sagittal cine MR images. D and CC were calculated to quantitatively evaluate the 4-D-MRI image quality. Figure 4(a) shows the respiratory signals of the 4-D-XCAT phantom determined from sagittal cine using SCD-PoI and its comparison with the input breathing profile. The mean absolute amplitude difference (AEstandard deviation) is 1.18 (AE0.84) mm. Also, the respiratory signal from one slice of coronal cine is shown in Fig. 4(b) in comparison with the input profile. The mean absolute amplitude difference (AEstandard deviation) is 1.73 (AE1.12) mm.
Results

Validation Study
Digital Phantom Study
Simulated "4-D-MRI" of the XCAT phantom demonstrates highly accurate respiratory motion as shown in Fig. 5(a) . No apparent artifacts were observed. Figure 5(b) shows that the tumor motion trajectory in the SI direction demonstrated on 4-D-MRI matches well with the average breathing curve calculated from the input motion profile; D is 1.13 mm and CC is 0.98. 2 implemented a T1-weighted 3-D real-time MRI using a fast field echo-echo planar imaging sequence with sensitivity encoding parallel acceleration. It achieved a high frame rate (330 ms∕volume) and spatial resolution (1.8 mm × 1.8 mm × 7 mm). However, significant compromises in image quality have to be made to achieve real-time imaging, resulting in inadequate image quality for RT application. Hu et al. 6 developed a prospective T2-weighted 4-D-MRI technique with a respiratory amplitude-based triggering system to gate 2-D-MRI image acquisition. In addition, Akçakaya et al. 13 developed a T1-weighted 4-D-MRI k-space-dependent respiratory gating technique. With this technique, a respiratory navigator is used as the surrogate to gate the acquisition of the k-space center data. Both techniques acquire data only when respiratory motion reaches a preset motion amplitude using prospective gating. Cai et al. 5, 14 proposed a T2/T1-weighted 4-D-MRI phase sorting technique that used BA extracting from images as the respiratory surrogate for sorting. Tryggestad et al. 15 and Liu et al. separately developed a T2-weighted 4-D-MRI phase sorting technique for a sequential MRI image acquisition mode with an external respiratory surrogate physiologic monitoring unit system. In addition, Liu et al. 16 also implemented a retrospective reordering of k-space based on respiratory phase to generate T2-weighted 4-D-MRI. In summary, 4-D-MRI techniques that have been reported so far have utilized both prospective and retrospective approaches, and have utilized different contrast mechanisms (T1-, T2/T1-, and T2-weighted) and respiratory surrogates (BA, physiologic monitoring unit, k-space center, etc.). Each technique has its own pros and cons, and the full potential for clinical application is yet to be determined. At present, there is no established 4-D-MRI technique that is widely adapted in the radiation oncology clinic.
Motion Phantom Study
Human Subject Study
The 4-D-MRI technique with SCD-PoI surrogate provides an alternative for 4-D-MRI imaging using a convenient, imagebased respiratory surrogate. Compared with other techniques, it utilizes commercially available MR sequences for image acquisition, illuminating the requirement for MR pulse sequence development. It accelerates and simplifies the image acquisition process of 4-D-MRI by imaging in the coronal plane and provides a more accurate breathing signal by extracting respiratory motion in the dominant motion direction of the diaphragm (i.e., the SI direction). As a result, 4-D-MRI with SCD-PoI respiratory surrogate may reduce the respiratory signal vibration noises and increase the signal-to-noise ratio of the respiratory signal.
The difference between external respiratory surrogates and the internal motion of the subject 17 is an important problem in the 4-D imaging field. One of the advantages of the technique we introduced is that it tracks the internal motion of the human subjects. There should be better correlation between the respiratory signals and the internal motion. Furthermore, respiratory motion patterns may vary from slice to slice. Liu et al. 5 described the problem of the space-dependent phase shift in the SI direction, which may occur at different slice locations, in their study using BA as the respiratory surrogate for 4-D-MRI. This is an important concern for most 4-D-MRI studies. In our study, neither the preestimation respiratory signals (extracted from sagittal cine) nor the sorting respiratory signals (extracted from coronal cines) are extracted from images acquired in the axial plane. This obviates the problem of the space-dependent phase shift in the SI direction.
This method is also different from using an MR navigator as the respiratory surrogate. For example, compared with the method of using the navigator to measure respiratory motion as in Von Siebenthal et al.'s study, 18 our method differs in several aspects: (1) the image acquisition schemes are different. Von Siebenthal et al. used an alternate scheme to acquire the navigator and data images, whereas we acquired coronal cine MRI continuously for 4-D reconstruction; (2) the breathing signal generated using SCD-PoI method is self-synchronized, whereas the signal provided by the navigator is not. In Von Siebenthal's study, there is a time interval between the image acquisition of the navigator and the image data. Our method minimized the error that the unsynchronized respiratory signal may cause; (3) the total image acquisition time is different. Acquisition of the navigator slices in between 4-D data images doubled the total imaging acquisition time as compared with that in our method; (4) the 4-D reconstruction methods are different. Von Siebenthal et al. used the frame similarity measurement step before the 4-D reconstruction to deal with the time interval between the navigator and the data image. This step may introduce errors and increases the complexity of the technique. In our study, this step is not required because our respiratory signal is self-synchronized, i.e., self-navigated; and (5) internal motion may have different motion patterns at different locations. In our study, this space-dependent phase shift was corrected in the lateral direction by preestimating respiratory motion pattern at different coronal cine slice locations using sagittal cine, whereas the space-dependent phase shift problem was not considered in Von Siebenthal's study.
There are several limitations in the current study. First, with SCD-PoI as the respiratory motion surrogate, the range of coronal slices locations are limited to the area covered by the dome of the diaphragm in the anterior-posterior direction. For regions near the chest wall or the spinal cord, where motion of the diaphragm may not be observed in the FOV, SCD-PoI probably cannot be used. However, 4-D-MRI focuses on the imaging of abdominal regions, where tumor-tissue contrast is often poor compared with other image modalities, such as 4-D-CT. Almost all organs of interest in RT studies, such as the liver, pancreas, and kidney, can be well observed using this 4-D-MRI technique. Second, the 4-D-MRI image quality can be affected by the native image resolution and slice thickness. Ideally, better image resolution will lead to more accurate motion tracking and thus breathing signal. However, in practical applications, these parameters have to be set in consideration of the total image acquisition time. Third, the postprocessing time is controlled to be in order of minutes (about 5 min, also depend on the data size for each subject) for the whole sorting and image reconstruction process. It may be improved to be in order of seconds with parallel computation. Fourth, only a limited number of regular breathing signals was tested in our phantom studies. The performance of the proposed technique may be affected by the motion amplitude and motion variations, warranting a more comprehensive evaluation with a large number of regular and irregular breathing signals to fully understand its limitations and impacting factors. This is a topic of interest for our future investigation. In addition, the current study that we are presenting is a feasibility study for this technique. It is in the early stage of development. It is possible that we can conduct statistical analysis with more human subject data in our future work. 
Conclusion
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